Relationships between vitamin D, lipids, HIV infection, and HIV treatment (+antiretroviral therapy [ART]) were investigated with Women's Interagency HIV Study data (n ¼ 1758 middle-aged women) using multivariable regression. Sixty-three percent of women had vitamin D deficiency. Median 25-hydroxyvitamin D (25-OH vitamin D) was highest in HIV-infected þ ARTtreated women (17 ng/mL; P < .001) and was the same in HIV-uninfected or HIV-infected women without ART (14 ng/mL). Vitamin D levels were lower if efavirenz (EFV) was included in ART (15 versus 19 ng/mL; P < .001). The most common lipid abnormality was high triglycerides (!200 mg/dL) in HIV-infected þ ART-treated women (13% versus 7% of HIV-infected without ART and 5% of HIV-uninfected; P < .001), with a positive relationship between 25-OH vitamin D and triglycerides (95% confidence interval 0.32-1.69; P < .01). No relationships between 25-OH vitamin D and cholesterol were detected. Vitamin D deficiency is common irrespective of HIV status but influenced by HIV treatment. Similarly, vitamin D levels were positively related to triglycerides only in ART-treated HIV-infected women and unrelated to cholesterol.
Introduction
Vitamin D is increasingly recognized as having a role in health and disease beyond its role in bone health. [1] [2] [3] [4] [5] [6] [7] [8] Low levels of 25-hydroxyvitamin D (25-OH vitamin D) have been associated with adverse effects on bone and mineral metabolism and cardiovascular risk factors of hypertension, obesity, diabetes, and metabolic syndrome. 9 Evidence is mounting that relatively high proportions of people have inadequate levels of vitamin D. 10 Cross-sectional population studies describe low vitamin D concentrations in children, young adults, especially African Americans, and middle-aged and elderly adults. [11] [12] [13] [14] [15] The prevalence of deficiency has been estimated at approximately 36% in healthy young adults aged 18 to 29 years, 42% in African American women aged 15 to 49 years, 41% in outpatients aged 49 to 83 years, up to 57% in general medicine inpatients in the United States, and in 70% to 100% of hospitalized adults. 10 Analyses of National Health and Nutrition Examination Survey III data suggest even higher levels of insufficiency with levels <30 ng/mL in 80% to 90% of all adult African Americans, in 70% to 75% of Hispanics, and in 45% to 55% of Caucasian men and 45% to 65% of Caucasian women. 14 These population studies did not consider or report information on HIV status. Recent reports of vitamin D deficiency in HIV-infected populations have also appeared. Single centers report vitamin D deficiency in 41% to 90% of patients, with estimates varying by race, geography, and season, among other factors, including treatment with efavirenz (EFV). [16] [17] [18] It is unclear whether vitamin D deficiency is more frequent in HIV-infected people than in comparable HIV-uninfected people or how HIV therapy influences vitamin D status.
In healthy people, variable relationships have been described between circulating 25-OH vitamin D levels and lipid levels, with reported inverse associations between vitamin D levels, triglycerides, and insulin resistance [19] [20] [21] [22] ; vitamin D levels and lipid subfractions 23 ; and vitamin D levels and low-density lipoprotein (LDL) cholesterol in atorvastatin-treated patients. 24 A recent report of HIV-positive women on antiretroviral therapy (ART) living in the tropics also found a significant inverse relationship between 25-OH vitamin D concentrations and total cholesterol but not LDL cholesterol. 18 We investigated the relationship of vitamin D to HIV status and HIV treatment, and lipid levels, including triglycerides, LDL cholesterol, and high-density lipoprotein (HDL) cholesterol in a nationally representative cohort of middle-aged, ethnically diverse HIV-infected and uninfected women enrolled in the Women's Interagency HIV Study (WIHS).
Methods

Study Design
The WIHS is an ongoing long-term multicenter observational study of 3766 women who are HIV infected (further classified as on therapy or not receiving medication therapy for HIV) and women of similar age and ethnicity at risk of HIV infection. There were 2 recruitment periods, the first in 1994/1995 and the second in 2001/2002. For details on the recruitment and study demographics, see references 25 and 26. The WIHS participants have follow-up visits at 6-month intervals, which include interviewer-administered questionnaires, physical and gynecological examinations, and collection of biologic specimens (details available at http://statepiaps.jhsph.edu/wihs/. Accessed November 29, 2010) . The cross-sectional study included 1760 WIHS participants whose sera were collected at visit 27 (October 1, 2007 , to March 30, 2008 and stored for future analyses. Between October 2009 and January 2010, vitamin D levels were determined from the visit 27 stored sera using liquid chromatography and tandem mass spectrometry at Quest laboratories (Baltimore, Maryland; http://www.questdiagnostics.com/hcp/ intguide/EndoMetab/EndoManual_AtoZ_PDFs/Vitamin_D_LC MSMS.pdf. Accessed November 23, 2010). Data were excluded for 2 participants due to laboratory errors; data from the remaining 1758 participants comprise the data set for analysis.
Statistical Methods
Characteristics were compared across 3 groups of WIHS participants: HIV-uninfected, HIV-infected on ART, and HIV-infected not on ART. Due to nonnormal distributions of 25-OH vitamin D and lipids, comparisons for continuous variables were made using nonparametric tests: Kruskal-Wallis (for 3 groups) and Wilcoxon (for 2 groups). Categorical variables were analyzed using Chi-square tests. Relationships between 25-OH vitamin D and triglycerides or LDL or HDL cholesterol were investigated individually using multivariate linear regression. Effects were examined both among the entire study sample and for the 3 study groups defined by HIV/ART status. Analyses comparing these groups allowed for adjustment of confounding variables unique to the HIV/ART group. Univariate (unadjusted) analyses were based on linear regression. Box plots by quartile of 25-OH vitamin D were also examined.
Confounding variables considered were body mass index (BMI), waist circumference, race, age, diabetes status, hepatitis C status, and use during the preceding 6 months of lipidlowering drugs (LLDs) that have reported associations with 25 . For the 2 HIVinfected groups, CD4 count and viral load were also included. Among HIV-infected ART-treated women, additional potential confounders included EFV during the preceding 6 months, tenofovir (TDF) during the preceding 6 months, and HIV medications taken during the preceding 6 months reported to increase cholesterol or triglycerides (US Food and Drug Administration-approved label or www.aidsinfo.nih.gov, primarily protease inhibitors, and other agents given in combination with ritonavir, RTV).
Multivariate linear regression was used for adjustment of confounders. First, we considered only those potential confounders with a univariate association (P < .1) with 25-OH vitamin D. Next, these were used as candidate variables in a stepwise model selection algorithm based on Akaike information criterion. This 2-step process was applied to each separate analysis with HDL, LDL, and triglycerides as the outcome for the whole sample and then by HIV/ART status.
To capture variability in the 2-step model selection process, the bootstrap procedure was applied to obtain confidence intervals and P values. 31 For each 10 000 bootstrapped samples, the entire 2-step process was applied. In univariate analyses, the bootstrap procedure was also applied to obtain inferences due to violations of the normality assumption based on the skewness in distributions of triglycerides, LDL, and HDL cholesterol.
Few LDL or HDL data were missing at visit 27 (2%-4%), and analyses did not account for missing values. For triglycerides, 19% of participants had missing measurements. Inverse probability of missing weights was applied in regression for these missing measurements. 32 Weights were estimated with logistic regression using the covariates listed previously. For potential confounding variables, the last observation carried forward was applied.
All analyses were performed in R (R Development Core Team, 2009. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0, URL http://www.R-project.org). Table 1 provides the demographic and clinical characteristics of the 1758 participants and between-group comparisons. The study participants included 507 HIV uninfected, 358 HIV infected and not receiving ART, and 893 HIV infected and receiving ART. The HIV-infected participants were older, with the HIV-infected and therapy receiving group being the oldest. The HIV-infected and therapy receiving group had a higher proportion of non-African Americans than the other 2 groups. Waist circumference and BMI were largest in the HIV-uninfected group, with the HIV-infected and medication therapy receiving group having the smallest. CD4 count was higher and viral load was lower in the therapy receiving group than that of the no therapy group. interquartile range 9-20 ng/mL; P < .001). The percentage of women with vitamin D replete or sufficient levels (30þ ng/mL) was also highest, and the percentage of women with vitamin D deficiency (25-OH vitamin D <20 ng/mL) was lowest in the HIV-infected ART-treated group. In contrast, the distribution of vitamin D deficiency, insufficiency, and sufficiency were the same in the HIV-uninfected and HIV-infected but untreated groups (Figure 1 ). Table 2 presents the lipid data. Elevated triglycerides were the most common lipid abnormality. High triglycerides (>200 mg/ dL) were seen in 25% overall, with twice as many of the HIV-infected ART-treated women with high triglycerides compared to the other groups. Median LDL cholesterol was also highest in the HIV-infected women receiving ART compared to HIV-uninfected or HIV-infected and untreated women. The proportion with high-LDL cholesterols, however, was the same for the 3 WIHS groups, possibly confounded by the higher use of lipid-lowering medications in the HIV-infected ART-treated women. HIV-infected ART-treated women with high triglycerides had the highest use of LLDs (32%) but the use of lipidlowering medications was low overall. Of the participants with high-LDL cholesterol, only 17% reported having taken an LLD in the preceding 6 months. Median-HDL cholesterol was low in all groups, lowest in the untreated HIV-infected group, followed by the HIV-infected ART-treated group.
Results
Participant Data
Lipid Data
Vitamin D and Lipid Relationships
No relationships were detected between 25-OH vitamin D and cholesterol concentrations, while a significant positive relationship between vitamin D levels and triglycerides was detected. Statistical results for relationship analyses of vitamin D and lipids (adjusted and unadjusted estimates and 95% confidence intervals) are provided in Table 3 . Considering all WIHS participants, a positive association between 25-OH vitamin D and triglycerides was detected in the multivariate adjusted analysis, and each nanogram per milliliter increase in 25-OH vitamin D was associated with 0.76 mg/dL increase in triglycerides (P < .01; Table 3 ). Further examining this relationship by HIV and ART treatment status, a significant association was detected between vitamin D and triglycerides in the HIV-infected and receiving medication therapy group (adjusted estimate was 1.53; P < .01). Box plots of triglycerides by quartile of vitamin D by HIV and ART therapy status are presented in Figure 2 to further illustrate this relationship. Multivariate adjusted and unadjusted estimates of the effects of vitamin D on LDL were positive in direction but did not reach significance (P ¼ .08 and P ¼ .19, respectively). Similarly, both adjusted and unadjusted estimates of the effects of vitamin D on HDL were positive but did not reach significance (P ¼ .13 and P ¼ .09, respectively).
Vitamin D and EFV
The reported association between EFV and 25-OH vitamin D 33 was investigated, and the median 25-OH vitamin D level in HIV-infected women taking EFV was 15 (interquartile range 10-24 ng/mL) compared to 19 (interquartile range 12-28 ng/ mL) in HIV-infected women receiving ART that did not include EFV (P < .001).
Discussion
There is a rapidly evolving literature regarding the role of vitamin D in health and disease. With increased attention focused on vitamin D in both the media and scientific literature, widespread measurement of circulating 25-OH vitamin D concentrations has occurred. It appears that significant fractions, if not the majority of middle-aged and older adults living in western industrialized nations or far north of the equator, have levels of circulating 25-OH vitamin D that are considered inadequate. Recognized factors associated with lower 25-OH vitamin D concentrations include older age, female sex, low sun exposure, dark skin, genetic disorders of the vitamin D receptor, higher BMI, gastrointestinal absorption disorders, and liver or renal disease. 1, 7, 10, 15, 34 Vitamin D status is being addressed in HIV-infected patients, in part due to the recognition of increased incidence of osteoporosis during chronic treatment of HIV. [35] [36] [37] [38] [39] Low levels of vitamin D have been reported in 41% to 90% of HIV-infected patients. [16] [17] [18] This incidence appears to be higher than the expected rate of about 40% found in middle-aged men and women in US population studies but similar to the rates in older people or hospitalized patients or those of African American and Hispanic ethnicity. 7, 10 No report, however, has compared the relative frequency of low vitamin D status in HIV-infected women in relationship to treatment status or to age-and ethnicity-matched people without HIV with similar risk of HIV infection.
As previously reported, 63% of WIHS participants had vitamin D deficiency, with vitamin D deficiency more frequent in the HIV-infected than in HIV-uninfected women, 40 with traditional vitamin D deficiency risk factors of older age, African American or Hispanic ethnicity, and higher BMI detected in these groups. 33 The current investigation expands on these analyses by considering the frequency of vitamin D inadequacy states both by HIV infection status and by HIV treatment status. Vitamin D concentrations were highest in the HIV-infected ART-treated women, despite their higher age. Unexpectedly, there were no differences in prevalence of deficient, insufficient, or vitamin D replete status in the HIV-uninfected women and HIV-infected women not receiving medication therapy. These data may be confounded slightly by small differences in proportions of African Americans and Hispanics in the groups, nonetheless, it appears that HIV infection alone does not appreciably increase the prevalence of vitamin D deficiency and that vitamin D deficiency was present in the overwhelming majority of these middle-aged women of diverse ethnicity.
A more novel aspect of our investigation was examining the relationship between vitamin D and lipids in relation to HIV status and HIV therapy. Low 25-OH vitamin D levels have been associated with the cardiovascular risk factors for hypertension, obesity, diabetes, and metabolic syndrome. 9 Higher rates of myocardial infarction in men have been related to lower levels of vitamin D in the Health Professionals Follow-up Study, 41 and lower levels of vitamin D and vitamin D precursor have been related to all-cause and cardiovascular mortality in men and women evaluated for cardiovascular disease. 42 In the Framingham Offspring study, participants with vitamin D deficiency and hypertension were about twice as likely as people without hypertension and vitamin D deficiency to have a cardiovascular event during the study. 43 Serum vitamin D levels have also been inversely correlated with the degree of coronary artery calcification 44 and with the prevalence of peripheral artery disease, hypertension, diabetes, obesity, and high serum triglyceride levels. 14, 45 Levels of 25-OH vitamin D have also been reported to be lower in elderly patients with stroke than in controls. 46 These data have led some to hypothesize that vitamin D supplementation can decrease cardiovascular morbidity and mortality, with a large randomized double-blind study underway to test this hypothesis (www.vitalstudy.org).
With the introduction of ART, HIV infection has become a chronic disease. Atherosclerosis has been recognized at an earlier age in chronic HIV-infected men undergoing treatment than in uninfected men. 47, 48 A number of potential underlying mechanisms that include chronic inflammation likely contribute to the early atherosclerosis but lipid abnormalities that accompany treatment of HIV infection with ART may be considered a cardiovascular disease risk equivalent. 49 We have reported that supplemental vitamin D lowered LDL cholesterol in patients with varying degrees of inadequate vitamin D status and lipid abnormalities, suggesting a relationship between vitamin D and cholesterol levels. 24 The concept that vitamin D affects lipid concentrations is also supported by data on seasonal variations in lipid levels, with total and LDL cholesterol, triglycerides, and lipoprotein A highest in the winter when sun exposure is usually lowest. Variable relationships between vitamin D concentrations and lipid concentrations have been described but no clear conclusion appears to exist, 21, [50] [51] [52] but one cross-sectional investigation in HIV-infected women in the tropics suggested an inverse relationship between vitamin D and total cholesterol concentrations. 18 We, thus, hypothesized that there would be an inverse relationship between vitamin D levels and cholesterol and triglyceride levels. After correcting for other factors known to affect lipid status, no relationships were detected between LDL cholesterol or HDL cholesterol and vitamin D concentrations. The only significant relationship detected was a positive relationship between triglyceride and vitamin D concentrations (ie, higher triglyceride concentrations at higher vitamin D concentrations). When this relationship was further analyzed with consideration of HIV and HIV treatment status, it was confined to the HIV-infected participants receiving ART. Our study did not address potential mechanisms by which HIV treatment could increase triglycerides, but others have suggested that increases in weight, lipids, and triglycerides reflect a positive treatment effect; while pharmacologic data suggest that a number of medications used in ART produce increases in cholesterol or triglycerides, independent of HIV status. Our analyses were stratified by disease status within the HIV-infected and HIV treatment groups and suggest the treatment regimens as the probable strongest factor influencing triglycerides. The conclusions differ from those recently reported in which a negative relationship was detected between total cholesterol (LDL and HDL cholesterol) and 25-OH vitamin D concentrations in HIV-infected ART-treated women in Brazil. 18 It should be noted that on average 25-OH vitamin D levels were higher in the Brazilian women, and vitamin D deficiency (25-OH vitamin D <20 ng/mL) was present in 13% compared to 63% of HIV-infected ART-treated women in WIHS and 41% in Brazil had levels <30 ng/mL compared to about 87% in our sample. Antiretroviral therapy regimens differed slightly with somewhat lower use of protease inhibitors in the Brazilian sample, but data suggest that environmental factors such as sunshine and not HIV infection are more likely responsible for the marked differences in circulating 25-OH vitamin D. Unfortunately, neither study directly examined sunshine exposure. It should be noted that in the Brazilian cohort, a negative relationship was detected for total cholesterol and vitamin D but no relationship was detected for vitamin D and LDL or HDL cholesterol. The relationships between vitamin D and LDL and HDL cholesterol were negative in direction. Although lower LDL cholesterol may reduce cardiovascular risk, lower HDL cholesterol is considered a cardiovascular risk factor. Therefore, interpreting the trend for total cholesterol does not seem clinically relevant. We examined LDL and HDL cholesterol trends individually to allow evaluation in the context of cardiovascular risk.
Cardiovascular and metabolic effects of antiretroviral agents have been reviewed. 49, 53 To summarize, increases in triglycerides and to a lesser extent cholesterol have been associated with the protease inhibitors RTV, amprenavir (APV), lopinavir (LPV), tipranavir, fos-amprenavir (FPV), nelfinavir (NFV), indinavir (IDV), saquinavir (SQV) with atazanavir (ATV), and darunavir having lesser to no effects. Effects of other classes of antiretroviral agents are more variable. The nonnucleoside reverse transcriptase inhibitor (NNRTI) EFV can also raise blood lipid levels. Antiretroviral drugs with less impact on lipids include the NNRTIs etravirine and nevirapine (NVP), the CCR5 antagonist maraviroc, and the integrase inhibitor raltegravir. In our WIHS sample, protease inhibitors were used in 61% of HIV-infected ART-treated participants. Nonnucleoside reverse transcriptase inhibitors were used in 98% of HIV-infected ART-treated patients, and NNRTIs were administered to 26% of HIV-infected ART-treated patients. The use of NNRTI was low (11%) and that of integrase inhibitors rare (3%). The sample size and combined use of multiple agents precluded attempts to identify effects of individual agents or regimens on lipids in our analyses.
Lipid abnormalities were observed for triglycerides in 10% of WIHS participants with fasting triglycerides of 150 to 199 mg/dL and 10% with levels !200 mg/dL. Borderline high-LDL cholesterol (130-159 mg/dL) was present in 12%, and high LDL cholesterol (!160 mg/dL) was present in 4%. Most of these women did not report taking LLDs. The lack of relationships between vitamin D and LDL and HDL cholesterol and the positive direction of the relationship between vitamin D concentrations and triglycerides suggest that correction of vitamin D inadequacy states in HIV-infected patients will not improve lipid abnormalities and other approaches should be considered.
There are limitations to our data and analyses. Single time point cross-sectional analyses were performed, and the data may not reflect within-individual relationships. Our considerations of lipid and triglyceride levels did not include dietary information. Statistical adjustments may not have completely accounted for confounding factors. Finally, the data do not address the effects of the correction of vitamin D inadequacy states. Nonetheless, the data convincingly demonstrate that vitamin D deficiency is common in middle-aged women with HIV infection or at risk for HIV infection, that treatment of HIV will not correct vitamin D inadequacy, and that correction of vitamin D inadequacy is not likely to correct the lipid abnormalities that accompany HIV treatment.
In conclusion, vitamin D deficiency is common in middleaged women with HIV infection or at risk for HIV infection, high triglycerides are the most common lipid abnormality in HIV-infected women treated with ART, and triglycerides were positively associated with vitamin D levels. Relationships between vitamin D and cholesterol were not detected. There is a continued need to address vitamin D inadequacy states, ART metabolic effects, and the management of lipid disorders in people infected with HIV.
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